Abstract Traditional climate classification or regionalization characterizes the mean state of climate condition, which cannot meet the demand of addressing climate change currently. We have developed a climate change classification method, as well as the fundamental principles, an indicator system, and mapping techniques of climate change regionalization. This study used annual mean temperature and total precipitation as climatic indices, and linear trend and variation change as change indices to characterize climate change quantitatively. The study has proposed a scheme for world climate change regionalization based on a half century of climate data . Level-I regionalization divides the world into 12 tendency zones based on the linear trend of climate, level-II regionalization resulted in 28 fluctuation regions based on the variation change of climate. Climate change regionalization provides a scientific basis for countries and regions to develop plans for adapting to climate change, especially for managing climate-related disaster or environmental risks.
Introduction
Climate condition is the foundation for the sustainable development of human society. Since the Industrial Revolution 200 years ago, many of the observed climate changes are unprecedented over millennia, and have begun to influence the natural environment seriously IPCC 2012 IPCC , 2013 . Addressing climate change has become a global issue that has attracted the attention of politicians, scientists, and the public worldwide. We believe that climate change adaptation should be in line with regional and local conditions, that is, based on an analysis of the relationship between different climate change types and related disasters or environmental risks.
Traditional climate classifications and regionalization schemes characterize the mean state of climate condition (Köppen 1936; Thornthwaite 1948; Strahler 1975) for which the indices are the mean value of climate variables over a certain period of time. With climate change accelerating nowadays, these traditional works cannot meet the demand of climate change adaptation. In the past century, global warming was the main feature of climate change; however, the rate of temperature increase varied greatly from high latitudes to equatorial areas, while temperature was even cooling in the Andes Mountains of South America. Other climatic indices including precipitation, potential evapotranspiration, wind speed, and so on also showed regional differentiation patterns on different temporal scales, and the features were more complicated (Dai et al. 1997; Emori and Brown 2005; Hansen et al. 2010; Wu et al. 2011; Ji et al. 2014) .
We had developed a set of classification methods that identify regional differences of climate change, and had used these methods to complete the climate change regionalization in China (Shi et al. 2014) . This study used the same methods and global gridded datasets of temperature and precipitation from 1961 to 2010 to recognize climate change quantitatively, and puts forward a scheme of climate change regionalization on a world scale with administrative subdivisions of countries and regions as the basic unit.
Data and Methods
Data used in the research mainly include meteorological data, topographic data, and administrative boundary data. Change in climatic variables was divided into linear trend and variation change, that is, tendency and fluctuation. This article uses annual mean temperature and annual precipitation as the two most important climatic variables with which to diagnose climate change. The confidence of linear regression is calculated by the F-test method during the calculation of indices to evaluate the reliability of the results.
Data Sources
Temperature data are derived from the Monthly Dataset (0.5°resolution, from January 1961 to December 2010) of the Climatic Research Unit, University of East Anglia (Mitchell and Jones 2005) , precipitation data are from the Monthly Dataset (0.5°resolution, from January 1961 to December 2010) of Global Precipitation Climatology Centre 1 (Schneider et al. 2011) . Topographic data are from Global 30 Arc-Second Elevation dataset provided by the United States Geological Survey.
2 Administrative boundary data are from Global Administration database, developed by Robert Hijmans, University of California, Davis. 
Calculation Methods
Climate change can be classified into nine modes based on tendency (rise, decline, not significant) and fluctuation (increase, decrease, not significant) of the climatic variables (Shi et al. 2014) , as shown in Fig. 1 .
For the original series x i , considering the disturbance of interannual scale variation, first apply the moving average method to establish a 5-year moving average series y i ; t i represents the corresponding time. Then develop a linear regression equation between y i and t i :ŷ
The regression coefficient b is called the ''tendency value,'' which can be calculated through the least square method. Tendency value represents the linear trend of variables, that is, the rate of increase or decline.
The absolute residuals series f i of y i and the linear fitting series is:
The f i of the absolute residuals series f i is called the mean fluctuation value.
For the absolute residuals series f i , t i represents the corresponding time, a linear regression equation between f i and t i is as follows:
Similarly, the regression coefficient d is called the ''fluctuation value,'' which represents the linear trend of absolute residuals series, that is, the rate of increase or decrease of fluctuation.
Confidence Test
The result of a confidence test is classified by different indices and confidence standards, shown in Based on the regional differentiation patterns of climate change (Sect. 3), we further propose a fundamental method of climate change regionalization that includes a set of basic principles, an indicator system, and a regionalization method. This scheme of climate change regionalization is designed using datasets assembled from the five decades between 1961 and 2010.
Principles, Indicators, and Method
Five basic principles considered in our regionalization method include:
(1) keep intact the boundaries of major administrative subdivisions of countries (the state boundaries of the US, for instance); (2) consider only leading climate factors (temperature and precipitation); (3) preserve spatial distribution continuity (the essential difference between climate classification and regionalization); (4) combine key indices with auxiliary indices (direction of change as key indices, rate of change as auxiliary indices); and (5) retain the consistency of large-scale terrain units that are important to land-atmosphere interaction.
The regionalization that results from these principles is divided into two levels: climate tendency zones (level-I) and climate fluctuation regions (level-II). For level-I regionalization, we take temperature tendency as the main indicator by which to divide the world into warming-trend zones and cooling-trend zones, while the rate of change is regarded as the auxiliary indicator for determining regionalization boundaries. Precipitation tendency is divided in the same way. In addition, considering that 97 % of the land area showed a warming trend, we further adopted the average rate of temperature rise (0.22°C/10 a between 1961 and 2010) as the threshold value with which to divide the world into a rapidly rising temperature zone and a slowly rising zone. Specifically, 0.22°C/10 a is the mean of the temperature tendency values of all the grids located in the global land area except Antarctica (see Fig. 2a ).
For level-II regionalization, we take temperature fluctuation as the main indicator that divides the world into temperature fluctuation increasing regions and temperature fluctuation decreasing regions, with the rate of change as the auxiliary indicator for determining regionalization boundary. Precipitation fluctuation is divided in the same way. The mapping work is implemented in ArcGIS environment, in which the zonal statistics, dissolve, and superimposed tools are adopted. For level-I zones, first apply the zonal statistics tool to calculate the mean value of grids of each unit (administrative subdivisions of countries). Then classify each unit into different types according to the direction of change. Third, use the dissolve tool to combine the units of same type, obtain the zoning result of level-I regionalization. Level-II regionalization is processed with the same method. Finally, apply the superimposed tool to overlay the zoning results of level-I and level-II regionalization and complete the zoning map.
Result
Temperature and precipitation tendency values (Fig. 2 ) are adopted to divide the world into six tendency types. The World regionalization of climate change warm(rapid)-wet type accounts for 36.8 % of the global land area, and the warm(rapid)-dry type accounts for 27.6 %, the warm(slow)-wet type accounts for 17.6 %, the warm(slow)-dry type accounts for 15.1 %, the cool-wet type accounts for 1.4 %, and the cool-dry type accounts for 1.5 % of the global land area, respectively. Level-I regionalization resulted in 12 tendency zones, that is, Europe-North Asia warm ( Table 2 .
Temperature and precipitation fluctuation values (Fig. 3) Table 3 . Combine level-I regionalization and level-II regionalization, then name them by geomorphic features, the world regionalization of climate change , as shown in Fig. 4 , is completed.
Discussion
In addition to the calculation reported in this article, we have also applied an ensemble empirical mode decomposition method and Bayesian approach to analyze the regional differences of climate indicators, and the patterns are approximately the same. However, it is worth mentioning that there are different understandings concerning the variation change. Considering the study period of the last half-century, in this article we focused on interdecadal changes. In the future, we will try to diagnose climate change on interannual, seasonal, and monthly scales, which should be conducive to analysis of the relationship between climate change and environmental risks.
There are essential differences between climate change regionalization and traditional climate regionalization. The result of climate change regionalization depends on the spatial and temporal scales selected, that is, climate change regionalization shows certain differences at various scales. Next step, we shall carry out research also at different spatial scales to further reveal the variation range of climate change patterns.
Considering that existing disaster databases of the world mainly use countries or regions as the basic spatial unit and lack spatial specificity, this study selected administrative subdivisions of countries as the basic unit of the regionalization. Our research aimed to probe an important impacting factor in disaster risks and to reveal the driving forces of climate-related disasters and environmental risk of countries in the world through understanding the regional differences of climate change.
Conclusion
This article is an outgrowth of earlier work (Shi et al. 2014) , which explores the pace and direction of climate change in China over the last half century. Our primary goal was to develop a methodology and model that could generate a map that accurately reflect a scientifically defensible understanding of regional variation in climate change. In the current article, we have extended this model to a global scale and have demonstrated that it is technically possible to create a spatially nuanced approximation of climate change. With five decades of data at our disposal, it is possible to separate variation from trend and identify subnational areas impacted by climate change. In this sense, our work contributes a technical platform to the study of regional climate change. Our method potentially can be used to explore the scale, direction, and pace of climate change in a variety of spatial and temporal contexts. The model also offers the prospect of positive employment in disaster risk management and planning. By identifying regions most threatened by rapid, climate change-induced instability, disasters may be better mitigated and risks reduced.
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